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A more complete understanding of the neurobiological, molecular, and cellular systems involved in pain sensation and pain control continues to be a challenging, yet productive, proposition. Opioid drugs are unquestionably the most effective treatment available for moderate to severe pain and can provide additional benefits, such as relieving anxiety, reducing the physical or mental effects of trauma, and acting as a soporific and euphorigenic. Unfortunately, the clinical efficacy of these drugs is accompanied by a panoply of perturbing side effects that include respiratory depression, nausea, vomiting, constipation, and sedation, not to mention the development of tolerance and the potential for addiction. All of these effects can be explained at the neurobiological level by the distribution of μ-opioid receptor-expressing neurons. It is noteworthy that investigations of opioid pharmacology and neurobiology include many early, seminal observations in recombinant DNA technology, molecular pharmacology, and medicinal chemistry.
Opioid receptors were first identified in the brain through evaluation of radioligand binding with a tritiated form of the opioid antagonist naloxone (1), which in turn led to isolation of enkephalin, one of the first neuropeptides identified (2) . One of the first mRNAs to be cloned was a partial transcript coding for β-endorphin (3), which was isolated from rodent pituitary tumor cells. Subsequently, the full-length mRNAs coding for the precursor proteins of all three families of endogenous opioids proopiomelanocortin (POMC), preproenkephalin (PENK), and preprodynorphin (PDYN) (4-7) were also cloned. After a concerted research effort, the μ-, δ-, and κ-opioid receptors were cloned and sequenced (8) (9) (10) (11) . The advent of gene targeting and homologous recombination technologies resulted in the opioid receptors being knocked out one at a time and in combination (12, 13) to evaluate their function and ligands. The KO data clearly showed that morphine analgesia is due to expression of the μ-opioid receptor (14) . More recently, the crystal structures of the three receptors have been determined (15) (16) (17) , and through in vivo expression of receptor-fusion proteins, the circuits and cell types that contain these receptors are being defined (18) . Many of these milestones were achieved via long-term research investments, such as the membrane protein structural biology initiative component of the NIH Roadmap for Medical Research that began in 2004 (19) . This partial account serves to show how opioid research has frequently been in the vanguard of many research fields, and current opioid pharmacology investigations suggest that new steps are being formed.
Medicinal chemistry
Woven throughout these approximately 40 years has been an intensive and unrelenting search for new opioid analgesicsa search that dates back more than 100 years. Heroin was introduced as an improved opioid analog to avoid the side effects of morphine at the end of the 1800s (20) . Heroin not withstanding, medicinal chemistry efforts have yielded a host of new pharmacological agents and inventive preparations to modify receptor-subtype selectivity, duration of action, speed of onset, and routes and methods of administration to treat a wide range of pain problems (21) . Manipulation of the two ends of the temporal pharmacodynamic spectrum has led to the development of long-acting analogs and cutaneous patches for sustained pain control and formulations that are ultra-rapidly absorbed for the treatment of cancer breakthrough pain or battlefield wounds (22) (23) (24) . Nonetheless, attempts to divorce analgesic effects from adverse effects continue to prove difficult. In this issue, the study by Lu et al. on splicing and in vivo analgesia, in conjunction with development of biased agonists, provides new approaches to opioid drug research, with potential for therapeutic translation of GPCR biased agonists (25) . μ-Opioid agonists mediate their analgesic effect through GPCRs that are generated via alternate splicing of the Oprm1 transcript. While the majority of μ-opioids interact with receptors comprising the canonical 7 transmembrane (7TM) domain, a recently identified class of μ-opioids appears to require a 6TM domain variant. In this issue of the JCI, Lu and colleagues provide an in vivo proof-of-concept demonstration that a 6TM isoform of the μ-opioid receptor can support functional analgesia in Oprm1-deficent animals. The 6TM isoform was pharmacologically distinct from the canonical 7TM μ-opioid receptor, and 6TM agonists had a reduced side effect profile, which confers a strong therapeutic advantage over standard opioid analgesics. The observations of Lu et al. extend the reach of opioid-receptor neurobiology and pharmacology into a new era of analgesic discovery. This advance emerges from a series of fundamental research analyses in which elements of the endogenous opioid system were frequently in the vanguard. jci. 
Alternative receptor splicing
A number of recent studies have identified alternative mRNA splicing as an additional process that generates a receptor capable of discriminating between desired and undesired opiate effects. Early work examined the apparent heterogeneity of μ-receptor splicing and showed that some 5′ splicing generated an N-terminally truncated protein that lacks the extracellular domain and the first transmembrane loop, yielding a 6TM protein. In animal models, the opiate action observed in Oprm1-exon 11 KO animals was different that of Oprm1-exon 1 KO animals (31) . Recently, the 6TM proteins that result from the Oprm1-exon 11 splice variant have been proposed as novel analgesic targets of the splice-specific agonist 3-iodobenzoyl-6β-naltrexamide (IBNtxA), which acts on the exon 11-containing variants of MOR1. IBNtxA has analgesic actions, even in animals in which exon 1 variants of MOR1 are removed by gene deletion and in animals that also lack the κ-and δ-opioid receptor paralogs (32). Lu and colleagues generated mice harboring a disruption of exons 11 (the 5′ most exon) and 1 from the Oprm1 locus,
Biased agonism
While cloning, sequencing, and structural determinations of opioid receptors have yielded a deep level of molecular definition, several new levels of functional and pharmacological nuance suggest that the goal of an opioid receptor agonist that retains analgesic properties with fewer deleterious side effects may be achievable. Studies over the past 15 years have indicated that the opioid system has another layer of complexity that resides within differential coupling to signaling pathways downstream of receptor binding. This differential activation allows for compounds to selectively engage the G-protein-or β-arrestin-coupled pathways. Studies of β-arrestin 2-deficient mice showed that β-arrestin 2 is necessary for opiate desensitization but not dependence (26) . This observation led to the idea that these biased agonists of opioid receptors could be used to elicit the desired pain-reducing effects of opiates with minimal or no side effects. Indeed, many unwanted side effects are decreased in the absence of β-arrestin 2 (27) . Subsequently, endomorphin-2 was identified as an endogenous biased agonist at μ-opioid receptor variant 1 (MOR1), which favors arrestin recruitment (28) . Several drugs are currently in development to exploit biased agonism to achieve selective actions at opioid receptors (29) .
Results from a phase I study of one of the more advanced candidates were recently published (30) . Compared with morphine, the biased agonist was more efficacious in the cold pressor test and had a shorter, more benign effect on respiration and less severe nausea; however, the acts as an inhibitory GPCR upon viral mediated expression in the spinal cord in a μ-opioid receptor-deficient background. Collectively, a series of observations from this same research group suggest a renewed life for the μ-opioid receptor and provide evidence that novel drugs may be designed that can make use of these processes to achieve safer and better analgesia.
the genes expressed in a particular tissue or brain region. In libraries prepared from polyA + mRNA, most of the reads are contained within the borders of an exon (37) but some span the splice junctions and can be used to track splicing patterns for a transcript (Figure 1) .
A brief examination of mouse dorsal root ganglion (DRG) from our recent RNA-Seq provides an informative look at Oprm1 transcript splicing within the painsensing primary afferent neurons. In this tissue, using a dataset of approximately 150 million reads from TRPV1-positive nociceptors, a splicing pattern that is consistent with the canonical MOR1 can be detected. Additional upstream 5′ exons were not detected, and the ratio between exons 1 and 2 was approximately equal; an enrichment of exon 2 relative to exon 1 would be expected if there was extensive splicing of 5′ exons. The DRG considerations support a site of action of IBNtxA in the CNS, possibly on MOR1 receptors in the descending control circuits (38) where the splicing of Oprm1 transcripts is thought to be highly varied (39) .
Examination of the sequence also raises the question of alternative translation, as the beginning of exon 2 contains a highly conserved Kozak consensus site in the same frame as an ATG in exon 1, indicating that transcriptionally truncated variants could be potentially translated from this start site. Additionally, several forms of MOR1 have been proposed to begin at the exon 2 translational start site. Notably, in the rat, exon 11-containing variants lead to an early stop codon, potentially requiring initiation at exon 2 to produce 6TM variants (39) . Further analysis, either immunological or analysis by mass spectrometry, may be informative for N-terminal analyses of 6TM-MOR1 variants.
The future of opiate analgesia
The sustained efforts to understand the molecular biology, biochemistry, and conjoined pharmacology of opioid receptors are apparently still providing several new directions in the quest for a strong analgesic with a reduced side effect profile. The development of biased agonists for the δ-and κ-opioid receptors is in progress (40) , and the exploration of splice-specific agonists, such as IBNtxA, is just beginning. The work by Lu et al. demonstrates that MOR1G
